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Abstract 
Significant amount of energy is consumed each year on  heating, ventilating and air conditioning (HVAC), raising ongoing demand 
for energy efficient HVAC systems. This study explores the applicability of flow control techniques to improve the ventilation 
performance of a mixed ventilated environment. The effect of two kind of periodic excitations, periodic air supply and synthetic jet, on 
the representative flowfield are investigated. The results show that the flow pattern becomes oscillatory and the fresh air sweeps a wider 
region by applying the periodic supply condition. The mean age of air is reduced as a consequence, indicating an improvement in the 
ventilation performance. By activating synthetic jet close to the air supply inlet, the ventilation air jet is vectored, showing the potential to 
more actively control the fresh air direction. 
 
© 2012 The Authors. Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the International 
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1. Introduction 
Heating, ventilating and air conditioning (HVAC) have become an essential part of most modern indoor spaces occupied 
with people and electronic equipments. While HVAC systems can provide a suitable working environment under which 
people's productivity and equipments' performance are enhanced, the operation of these systems costs significant amounts 
of energy each year. As the energy and environment issues become increasingly critical, the demand for energy efficient 
HVAC systems are more appealing [1-3]. Recently, natural ventilation has been utilized to a large extent for newly designed 
and built architectures. Natural ventilation makes use of buoyancy, which is generated from internal heat sources such as 
people and equipments, to drive the airflow and achieves air exchange, thus requiring no energy input. However,  the 
applicability and effectiveness of natural ventilation is limited by the strength and direction of the buoyancy which is 
usually difficult to control. Also cooling is not likely to be achieved. Hence, although the benefits of natural ventilation are 
obvious, it is not likely, by employing only nature ventilation, to meet the complete HVAC requirements. Some sort of 
energy-consuming mechanically driven ventilation is still necessary. 
Under a mixed ventilation environment, the airflow is driven by both externally supplied momentum and internally 
generated buoyancy. The flow pattern formed within the space is greatly affected by the relative strength of these two 
drivers and their interactions. Generally, when heating or cooling is required, the momentum of the supplied ventilation air 
is strong enough to overwhelm the buoyancy and determines the flow pattern. If the supply condition is steady, the flow 
pattern will appear relatively stable, featured by main and local circulations. Such stable pattern is not optimal in terms of 
ventilation efficiency since the ventilation air will spread mainly over a fixed section of the domain and air exchange is 
weak within regions away from the main circulation trajectory. A swing vent may be used to enhance the air exchange but 
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at the price of extra hardware and energy cost. Flow control techniques, on the other hand, have been proven to be cost 
effective in manipulating favorably the flow behaviours. Though originally proposed for aerodynamic applications, these 
techniques have been applied in several practical flow phenomenon and seen promising results[4-8]. However, their 
applications in the field of HVAC are still rare. The aim of this study is then to explore the applicability of flow control 
techniques under a mixed ventilation environment to improve the ventilation performance. Particularly, the control methods 
termed as periodic excitations are applied at the air supply and the resultant flow patterns are investigated. 
 
2. Methodology 
Computational Fluid Dynamics has become a popular research tool in the study of indoor airflows due to its success in 
predicting with satisfactory level of accuracy the air distributions within various enclosed spaces. This numerical method is 
especially cost effective and flexible in investigating novel concepts and is adopted in this study. To ensure the reliability of 
the numerical results, the numerical model needs to be validated with proven data. For this reason, an aircraft cabin is 
selected as the target indoor mixed ventilation environment since a detailed experimental study was recently done on the 
same environment[9] which obtained enough airflow information to allow for a solid validation. Figure 1 shows the 
geometry and mesh of the numerical model. The dimensions are set as close to the experiment setup as possible. Passengers 
are simplified with straight lines replacing most of the curvature part of a human profile except that above the shoulder, 
which determines the development of buoyant plumes rising from the passenger and needs to be modeled properly. As the 
flow features and variables of interests in this study are on the global scale, the Reynolds-averaged Navier-Stokes(RANS) 
equations, which model the turbulence rather than solve it, are of sufficient accuracy to describe the air motions. The RNG 
k-epsilon turbulence model is selected to close the RANS equations because of its outstanding overall performance among 
the eddy viscosity models in modeling indoor turbulent flows[10]. A minimum mesh size of 10mm is found adequate to 
satisfy the near wall resolution required by the wall treatment employed by the turbulence model. With a maximum mesh 
size of 60mm, the entire mesh consists of near 3 million elements. The model boundary conditions are also set as close as 
possible to the experiment. However, the heat transfer properties of the surfaces are difficult to obtain and therefore are 
simplified. The seats are assumed to be adiabatic and the ceiling, floor, side wall and human bodies are assumed to have 
constant temperatures. The temperature values of the different surfaces are selected according to some previous published 
data. A complete setting of the boundary conditions can be found in[11]. The discretization and computation of the RANS 
equations and the turbulence closure model is conducted using ANSYS FLUENT. For the aim of this study, a time 
resolution of 0.05 second is small enough to capture the flow features of interests while halving the time step does not have 
any significant influence on the numerical results. Simulations are first run without the periodic excitation to validate the 
model with experiment data. Then the periodic excitations are added to the model to investigate its impact on the flowfield. 
 
Fig. 1 Numerical cabin model 
3. Results 
Figure 2 gives the experimental and simulated air distributions at the mid row of passengers. It can be seen the numerical 
model correctly predicts the main features of the cabin airflow including the fresh air trajectory, the main circulations above 
the aisles and the return plumes at the centre. The contours which represent the normal velocity component also show good 
agreement. The simulation exhibits some more active longitudinal motions which can be attributed to the finite span of the 
model in this direction. The biggest difference appears from the air distribution at the side passengers. The simulated airflow 
tends to approach closer to the side wall after reaching the passenger compared with the experimental data. A reasonable 
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explanation is the slightly different geometrical and thermal boundary conditions between the experiment and simulation at 
these local regions around the passenger. From a quantitative view, the simulation predicts a higher horizontal and lower 
vertical speed at the side, which is discernible from the vector plot. At the centre, the upgoing air velocity is also smaller 
than in the experiment. The reason for this discrepancy is not obvious. One possible explanation is the different shapes of 
the main circulations formed in the experiment and simulation. Overall the numerical model has generated satisfactory 
results in terms of the global flow features and air distribution pattern. Remember that the interest of the study is to 
investigate the resultant flow pattern under the periodic excitations, the accuracy level of this numerical model is considered 
to be valid for this study. 
3.1. Periodic air supply 
Periodic excitations can be applied directly on the air supply condition or at the proximity of the supply inlet to affect the 
whole flowfield. The former situation is investigated first, by changing the supply flow rate from the steady mode to a 
periodic mode as illustrated in Fig. 3. The duty and idle rate and cycle are selected such that the time averaged flow rate is 
the same as that under the steady mode. Figure 4 shows the typical flow pattern with the steady air supply and Figure 5 
shows the flowfield under the periodic mode. With steady supply, a relative stable flow pattern is formed as is seen in Fig.4. 
The fresh air after entering the cabin travels along the upper boundary until separates at the overhead luggage bins. It then 
proceeds through the side seats to the floor, during which part of the air is blocked by the passengers and turns to the centre 
beforehand. Upon reaching the floor, another part of the air leaves the cabin through the outlets at the side bottom. The rest 
is directed to the centre, climbs up through the aisles and merges with its counterpart from the other half of the cabin to form 
the return routine of the circulation. It can be seen the fresh air only reaches a relatively fixed part of the cabin where the air 
exchange is active. For those regions away from the fresh air trajectory, especially at the circulation centre, the residual air 
is less refreshed. 
 
 
 
Fig. 2 Experimental and numerical air distribution at the mid row 
 
Fig. 3 Periodic air supply mode 
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Fig. 4 Flow pattern with steady supply mode 
On the other hand, when air is supplied with the periodic mode, the fresh air keeps changing its trajectory and sweeps 
more spaces during the duty cycle until finally reattaches to the ceiling and stabilizes. Figure 5 illustrates such transient 
process with four sequential instantaneous vector plots. The reason of such oscillatory motion of the fresh air is that as the 
flow rate is reduced during the idle cycle, the impact of the buoyancy on the air motion becomes comparable to the fresh air 
momentum. A local circulation gradually forms beneath the luggage bin which pushes the fresh air away from the side. As 
this local circulation grows in strength, it expands and entrains more fresh air so that the previous main circulation is 
weakened and reduced in size. Consequently, the flow pattern is then characterized by two comparable circulations 
separated by the fresh air jet. However, the flowfield with two comparable interacting circulations is intrinsically unstable. 
As a result, the fresh air jet then keeps oscillating between the two circulations until one of them becomes dominant. When 
the duty cycle starts and the supply flow rate increases, the fresh air oscillation will maintain for a period due to the ongoing 
interaction of the circulations. As the fresh air moment becomes overwhelming again, the circulation at the centre will 
eventually dominate and the fresh air jet will gradually approach and then reattach to the upper boundary. The flow pattern 
then changes back to the stable state as shown in Fig.4 and persists until the next idle cycle. 
 
 
Fig. 5 Flowfield evolution under periodic supply mode 
To evaluate how the ventilation performance is affected by the above mentioned oscillatory flow pattern under the 
periodic supply condition, a user-defined scalar equation is solved together with the RANS and turbulence equations to 
obtain the mean age of air within the cabin. Smaller air age represents faster air exchange. The scalar equation and the mean 
age of air formula are given below where Cm(0) is the initial equilibrium concentration of the virtual tracer gas while Cm(t) 
is the time dependant concentration at the location m. k k is the source term which is zero 
in this calculation.  is the air density, ui is the velocity component at the ith direction and Ti is the mean age of air. 
Assuming the initial concentration is one, then Ti can be calculated using the nominator only of equation 2. Table 1 shows 
the mean age of air values for both the steady and periodic supply conditions. The letters A to G means the local regions 
139 Chaofan Wu et al. /  Procedia Engineering  49 ( 2012 )  135 – 141 
around each passenger of the mid row. It is obvious that except at the two side seats, the periodic supply mode is able to 
achieve better ventilation than the conventional steady supply. Table 2 gives the CO2 concentration values of these 
passenger regions. It can be seen, consistent with the mean age of air distributions, regions with higher air exchange rate 
achieve lower CO2 concentration. The cabin averaged CO2 level is also lower than that in the steady supply mode. When 
calculating CO2 values, each passenger is set to introduce 0.005 litre CO2 per second into the cabin, which is consistent with 
the time averaged CO2 production of a human. The fresh air at the inlet is assumed to contain 0.085% of CO2. This is of 
practical meaning because in a real cabin, the fresh air is actually a mix of the environment air and the filtered cabin 
recirculation air. 
 
 
 
 
 
Table 1 Mean age of air 
MAA(s) A B C D E F G Cabin average 
Periodic 142.9 137.5 157.0 161.3 154.3 143.2 144.5 147.5 
Steady 129.5 151.8 168.8 169.5 162.7 148.7 126.4 154.3 
Table 2 CO2 concentration 
CO2(PPM) A B C D E F G Cabin average 
Periodic 1669 1696 1584 1555 1551 1702 1665 1476 
Steady 1604 1746 1597 1620 1599 1727 1612 1500 
 
3.2. Fresh air jet vectoring 
Periodic excitations can also be applied at the proximity of supply inlet to control the fresh air directions. Synthetic jet, 
which is formed without the need of external air supply, has been proven to be an effective jet vectoring tool. A synthetic jet 
actuator is usually an enclosed cavity with slot. One side of the cavity is driven to vibrate with certain amplitude and 
frequency. The ambient air is then alternatively sucked in and pushed out of the slot. When air passes through the slot, it 
will separate at the slot edge and forms a sheet or ring of vortex. The vortex sheet outside the cavity will grow and advect 
outwards. An air jet is then formed between these vortex sheets. If placed close to a free jet, the synthetic jet will interact 
with the primary jet and results in the vectoring of the latter. Encouraged by this mechanism, the vectoring of the ventilation 
air, which is actually a wall bounded jet, is investigated. Due to the small physical scale of the synthetic jet compared with 
the cabin dimensions, only the proximity of the supply inlet is taken as the computational domain. A synthetic jet actuator is 
placed 10mm below the inlet which is assumed to be driven by a piece of piezoelectric ceramic. The cavity has a cylindrical 
volume with a height of 7mm and a diameter of 43mm. The upper wall of the cavity is assumed to vibrate at a frequency of 
500Hz and an amplitude of 0.3mm. The slot spans at 20mm and has a width of 2mm. The geometry and mesh of this local 
domain is shown in Fig. 6. A minimum mesh size of 0.15mm and a timestep size of 100 steps per vibration cycle are used to 
capture the formation of the synthetic jet and its interaction with the ventilation air jet. The whole mesh consists of 2 million 
elements. The energy equation and the buoyancy are not activated in this model since no heat sources are included. All the 
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other solver settings remain the same as described in the methodology section. Figure 7 shows the development of the 
ventilation jet with no excitations. After entering the cabin, due to the coanda effect, the fresh air deviates from its original 
direction and attaches to the ceiling. During the proceeding, the fresh air jet entrains more ambient air and its centre velocity 
decreases while the jet width increases. The global flow behaviour is stable. Figure 8 shows the influence of the periodic 
excitations, brought by the synthetic jet, on the primary ventilation jet. 
 
 
Fig. 6 Air Supply inlet with synthetic jet actuator 
 
 
Fig. 7 Ventilation jet without excitation 
 
Fig. 8 Ventilation jet affected by  the synthetic jet 
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Apparently, the fresh air is able to detach from the ceiling and shifts towards the synthetic jet. Meanwhile the synthetic 
jet has a higher velocity at the near field and maintains the same direction as it is formed. At some distance downstream the 
slot, as the jet velocity reduces and becomes comparable to the primary jet, the synthetic jet also shifts towards the primary 
jet. The two jets eventually merge into a wide current and travels further downstream. Though the flowfield of the whole 
cabin with the synthetic jet activated is not modelled here, it could be inferred that, as long as the air jet is detached from the 
ceiling, a secondary circulation will form in between. A similar pattern to that illustrated in Figure 5 may establish and the 
air exchange may be enhanced. Moreover, by properly modulate the synthetic jet performance, the vectoring of the 
ventilation jet may be further enlarged or reduced. The fresh air jet may be more actively controlled. 
4. Conclusion 
This study has investigated the effect of periodic excitations on a mixed ventilation environment. The two different 
excitations tested are periodic air supply and synthetic jet. An aircraft cabin is selected as the representative environment. 
The airflow is modelled and the numerical method is validated by published experimental data. The results show that by 
applying the periodic supply condition, the flow pattern will become oscillatory and the fresh air will sweep a wider region 
of the cabin. As a consequence, the mean age of air is reduced, indicating an improvement in the ventilation performance. 
By activating synthetic jet close to the supply inlet, the fresh air jet is vectored, showing the potential to more actively 
control the fresh air direction. Though the results obtained in this study are from the cabin, they can be extended to other 
similar environment such as vehicle carriages, computer labs and theatres. Future studies may test the control techniques in 
these spaces or experimentally justify the results reported here. 
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